INTRODUCTION
Cancer (a malignant tumor) is the leading cause of disease-related death, and 8.2 million cancer-related deaths were reported by the World Health Organization in 2012 [1] . Among cancer types, the most common causes of cancer death are lung, liver, and stomach cancers [1, 2] . Surgery, chemotherapy, immunotherapy, and radiotherapy, either alone or in combination, can be used to treat cancer [3] [4] [5] . In recent years, there has been increasing interest in targeted delivery of therapeutic molecules (e.g., genes, drugs, or proteins), which has several advantages over other forms of treatment: (1) enhanced therapeutic efficacy, (2) avoidance of undesired side effects caused by the delivery of therapeutic molecules to normal (healthy) cells; and (3) reduction of the efficacious dose of therapeutic molecules [6, 7] .
Cancer-targeted delivery systems for therapeutic molecules can be grouped into three categories: viral nanomaterials (e.g., inactivated retroviruses, adenoviruses, adeno-associated viruses, and herpes simplex viruses), non-viral nanomaterials (e.g., synthetic polymers and liposomes), and bacterial carriers (e.g., Clostridium, Salmonella, and Bifidobacterium). Viral nanomaterials show high transfection efficiency, but have clinical safety issues (e.g., immune responses) that must be solved before their use in clinical trials. Furthermore, because viral nanomaterials themselves do not have the ability to target cancer cells, their conjugation to cancer-specific ligands or promoters are required for cancer targeting [8] [9] [10] . Non-viral nanomaterials have several advantages such as low pathogenicity and that they easily can be mass-produced, but their disadvantages are low transfection efficiency and low cancer targeting capabilities; thereby, also requiring the use of cancer-specific ligands [11, 12] . Anaerobic bacteria are mainly used as bacterial carriers for the delivery of therapeutic molecules to hypoxic cancer cells. They have high transfection efficiency, but also cause clinical safety problems such as inflammation and immune responses [13] .
In this chapter, we focus on cancer targeting methods using nanomaterials for cancer cell-targeted therapy.
CANCER-TARGETING METHODS
Cancer targeting by nanomaterials is accomplished by either passive or active targeting. In the case of active targeting, nanomaterials typically recognize or respond to overexpressed receptors, overexpressed intracellular signals, or hypoxic regions in cancer cells and tissues (Table 1) . 
Passive cancer targeting method
Cancer cells require oxygen and nutrients to promote their growth and progress. Therefore, the formation of new blood vessels via angiogenesis is essential for cancer growth and metastasis. Cancer angiogenesis is trigged by multiple pro-angiogenic factors, including vascular endothelial growth factor (VEGF), angiopoietins, basic fibroblast growth factor (bFGF) and cytokines [interleukin-1 (IL-1), and tumor necrosis factor α (TNFα)]. In addition to chemoattractants, integrins (αvβ3 and α5β1), receptors (VEGF receptors), and circulating bone marrow-derived cells (F4 / 80 + CD11b + macrophages and Gr1 + CD11b + neutrophils) directly and / or indirectly participate in the angiogenic process of cancer [14, 15] . Blood vessels near cancer cells are often dilated, leaky, tortuous, and heterogeneous.
The passive cancer targeting method is based on the EPR effect that is characteristic of blood vessels near cancer cells. Therefore, when nanomaterials or anti-cancer drugs are injected into the blood stream, they accumulate in cancer cells through these dilated, leaky, tortuous, and heterogeneous blood vessels near cancer tissues when compared with normal tissues that have blood vessels showing a well-organized and functional structure ( Figure 1 ) [16] . However, the vessel structure and pore size of blood vessels within individual cancer types is different [17] . Thus, EPR-based cancer therapy using nanoparticles can exhibit different therapeutic efficacies depending upon the cancer type. The synthesis of optimized nanomaterials for each target cancer type is essential for efficient EPR-based cancer therapy. heterogeneous. Nanomaterials injected into the blood stream can pass through these cancer blood vessels and tend to accumulate in cancer tissues, but none or very few pass through normal blood vessels that have a well-organized and functional structure. Figure 1 has been reproduced from a previous publication [6] .
Characteristics of nanomaterials that influence EPR
Several nanomaterial characteristics might affect the EPR effect, such as size [17] [18] [19] , surface charge [17] [18] [19] , hydrophobicity (high hydrophobicity increases the affinity for the cell membrane) [20] , flexibility (high flexibility leads to rapid renal clearance) [18, 19] , and shape (spheres have a higher uptake by macrophages as compared with rods) [18, 19] . Among these factors, size and surface charge of nanomaterials may be the most important factors influencing the EPR effect.
Size of nanomaterials
Nanomaterials smaller than 5.5 nm mainly undergo kidney excretion and those larger than 8 nm are rapidly cleared through the reticuloendothelial system organs (liver and spleen) [18, 21] . Normal blood vessels can permeate smaller nanomaterials (< 20 nm), but blood vessels near cancer cells are permeable to nanomaterials of < 400 nm in diameter [17, 19, 22] . Indeed, poly(ethylene glycol) (PEG)-liposomes of 400 nm in diameter can penetrate into the cancer interstitium, but those of 600 nm are excluded from extravascular spaces [22] . However, the most efficient EPR-based therapy might be obtained using nanomaterials between 10-200 nm in diameter [23] . A previous study reported that nanomaterials with a molecular weight (MW) greater than 40 kDa exhibited a high EPR effect [24] . However, other studies suggested that the EPR effect did not depend on the molecular weight (MW) of nanomaterials [22, 25] . Therefore, the size of nanomaterials may be more important for efficient EPR than is the MW.
Charge of nanomaterials
Negatively charged nanomaterials are taken up rapidly by phagocytes (macrophages) and are degraded or discharged from the body. Nanomaterials with high positive charges can bind to blood proteins or to the surface of blood vessels, resulting in rapid kidney excretion and low accumulation in cancer cells [17, 19] . The uptake of nanomaterials (150 nm) by macrophages was increased in the order of -40 > -25 > -15 mV negative surface charge and +35 > +25 > +15 mV positive surface charge [26] . Therefore, neutral or weakly positive-charged nanomaterials are more efficient for EPR compared with strong negatively-charged or positively-charged nanomaterials.
Active cancer targeting method

Overexpressed receptors in cancer cells
Cancer cells overexpress numerous receptors. The binding of ligands to overexpressed target receptors plays a key role in the growth, survival, metastasis, angiogenesis, and apoptosis of cancer cells ( Figure 2 ). Examples of this are the binding of EGF and FGF to growth factor receptors (tyrosine kinase receptors) [27, 28] , and prostaglandin E and lysophosphatidic acid to G-protein-coupled receptors [29] . However, TNFα and TNF-related apoptosis inducing ligand (TRAIL) can stimulate apoptosis of cancer cells by binding to death receptors. However, death receptors and their downstream signals (e.g., caspases) are often suppressed in cancer cells [30] [31] [32] . Therefore, nanomaterials recognizing overexpressed receptors in cancer cells might be useful for cancer-targeted therapy. Signal transduction pathways are different in cancer cells compared with normal cells. Cancer cells overexpress receptors (growth factor receptors and G-protein-coupled receptors) and intracellular signaling molecules (ras/raf/mek/erk and pi3k/akt/mtor) that are related to cell survival and proliferation. However, apoptosis-related receptors (death receptors) and intracellular signals (caspases) are suppressed. Therefore, nanomaterials targeting or responding to overexpressed receptors or cellular signals of cancer cells can be useful for cancer cell-targeted therapy. Figure 2 has been modified from previous publications [59, 92] .
Nanomaterials targeting overexpressed receptors in cancer cells
Many receptor-specific ligands (aptamers, proteins, peptides, and antibodies) have been reported to be useful materials for targeting overexpressed receptors on cancer cells. Although transferrin and folate, which recognize transferrin receptor (TfR) and folate receptor, respectively, are extensively used to target various cancer cells, most nanomaterials containing receptor--specific ligands were identified by using limited numbers of cancer cells that overexpressed target receptors ( Table 2 ). For instance, although targeting and therapeutic efficacy of folate-conjugated nanomaterials have been investigated using 9L / LacZ rat gliosarcoma cells [33] , IGROV-1 human ovarian cancer cells [34] , SKOV-3 human ovarian cancer cells [35] , and B16 mouse melanoma cells [36] , the most commonly used cells are KB human epidermoid carcinoma and HeLa human epidermoid carcinoma cells, because they have an especially high overexpression of folate receptors [37] [38] [39] [40] [41] [42] [43] . It is important to note that receptor expression may vary according to the cancer cell type. For example, the antisense delivery efficiency of TfR-targeted, protamine-containing lipid nanomaterials was in the order of K562 > MV4-11 > Raji human leukemia cells, which was directly related to the TfR expression level. Thus, the higher the TfR expression, the greater the down-regulation of the target gene by nanomaterials [44] .
Several receptor-specific peptides in Table 2 have been investigated, such as homing peptides identified from various library methods (the phage display peptide library method) (for review, see [45] [46] [47] ). Nanomaterials containing these homing peptides can be used for cancer cell-targeted therapy. For example, the small heat shock protein 16.5-derived nanocage conjugated to a human hepatocellular carcinoma cell-specific peptide SP94 (SFSIIHTPILPL) was identified by an in vivo phase display method, and achieved selective targeting to HepG2 and HuH-7 human hepatocellular carcinoma cells, but not to HeLa cells or RLN-8 rat hepatocytes [48] .
Double-targeted nanomaterials conjugated to dual-ligands, such as transferrin and folate [49] , cyclic RGD (cRGD) and transferrin [50] , glucose and folate [51] , and RGD and IL-13 peptide (CGEMGWVRC) [52] , have been developed to increase therapeutic efficacy against target cancer cells or to target specific cancer cells. Gold nanoparticles conjugated to folate and glucose showed a higher uptake by human epidermoid carcinoma (KB) cells than did gold nanomaterials conjugated to either folate or glucose alone [51] . Similarly, when transferrin and folate were linked to PEG-phosphatidylethanolamine, the transfection efficiency in HepG2 human hepatocellular carcinoma cells was higher for the conjugate than for the single ligand-modified nanomaterials [49] . Furthermore, nanomaterials linked with RGD and IL-3 peptide [52] , and cRGD and transferrin [50] successfully targeted human umbilical vein endothelial and C6 rat glioma cells, and human umbilical vein endothelial and HeLa human epidermoid carcinoma cells, respectively.
In contrast, several studies have suggested that cancer-specific ligandconjugated nanomaterials did not preferentially localize to cancer tissues in comparison with non-conjugated nanomaterials [53] [54] [55] . In these studies, despite the lack of change in cancer localization, ligand-conjugated nanomaterials showed enhanced uptake by cancer cells compared with non--conjugated nanomaterials, indicating that the increased therapeutic efficacy against cancer cells by ligand-conjugated nanomaterials was caused by increased uptake by cancer cells rather than by their localization to cancer cells [53] [54] [55] .
Overexpressed cellular signals in cancer cells
Living cells contain numerous intracellular signal transduction pathways that play a key role in cell growth, differentiation, proliferation, and apoptosis. These signal pathways are tightly regulated and function normally in healthy cells. However, in cancer cells, many signal pathways related to cellular survival and proliferation are overexpressed, such as the RAS/RAF/MEK/ERK and PI3K/AKT/mTOR pathway. In some cases, apoptosis-related signal pathways are suppressed, such as the death receptor-mediated pathways (Figure 2) . Therefore, nanomaterials that could respond to these overexpressed intracellular signals could also be used for cancer-targeted therapy.
Nanomaterials targeting overexpressed cellular signals (proteases and protein kinases) in cancer cells
Cellular signal transduction pathways often are stimulated or suppressed through phosphorylation by protein kinases, or by dephosphorylation or cleavage by proteases. Phosphorylation reactions mediated by protein kinases add a phosphate group from adenosine triphosphate to the phosphorylation sites (serine, threonine, and tyrosine) [56, 57] located on proteins. Nanomaterials that recognize overexpressed protein kinases are related to the phosphorylation reaction. Phosphorylation of nanomaterials containing target peptides can add two anionic charges of the phosphate to target peptide substrates, thereby weakening electrostatic interactions in the nanomaterials. For example, protein kinase C (PKC)α and protein kinase A (PKA) are overexpressed in several cancer cells, such as breast cancer, lung cancer, melanoma, ovarian cancer, and prostate cancer, but are expressed at very low levels in normal cells or tissues [58] [59] [60] . Nanomaterials conjugated to PKCα (FKKQGSFAKKK)-or PKA (ALRRSLG)-specific peptides showed a higher targeting efficacy to cancer cells or tissues than to normal cells or tissues [61] [62] [63] [64] [65] [66] .
As mentioned in 19.2.2.1., caspase activation in cancer cells is very low, but can be stimulated by the activation of death receptors through stimulators such as TNFα and TRAIL. Caspases induce cell apoptosis by cleavage of their target peptides [30] [31] [32] . In a recent study, doxorubicin conjugated to a caspase-3specific peptide (DEVD) was efficiently cleaved in apoptotic regions of cancer cells induced by radiation exposure, leading to efficient inhibition of cancer growth, with low toxicity in normal tissues [67] .
Several protease cleavable nanoparticles have been developed for cancer cell-targeted therapy. Matrix metalloproteinases (MMPs) (MMP-2, -9, and -12) are known as cancer-associated proteases, and participate in the progression of several cancer mechanisms, including migration, invasion, metastasis, and angiogenesis [68, 69] . MMP-specific peptides (PVGLIG and GPLGIAGQ for MMP-2) can be selectively cleaved by MMPs that are overexpressed in cancer cells. Exploiting these functions of MMPs, conjugates of MMP-cleavage peptides and anticancer drugs can be useful for cancer cell-targeted therapies [70] [71] [72] [73] . For example, a self-assembled nanoparticle containing PEG 2000-paclitaxel-MMP-2 peptide (GPLGIAGQ) exhibited a higher anticancer efficacy in vitro and in vivo than did free paclitaxel [70] . Furthermore, nanocages conjugated with a MMP-2-binding peptide (CTTHWGFTLC) showed selective uptake into MMP-2 overexpressing cancer cells [74] .
Nanomaterials targeting hypoxic cancer regions
EPR-mediated or ligand-mediated targeting methods generally have a low targeting efficacy for hypoxic tumor regions. Their therapeutic efficacy against hypoxic tumor cells is also dramatically reduced because of the limited delivery of therapeutic agents to cancer cells and the induction of drug resistance [75, 76] .
Hypoxia-inducible factor-1α (HIF-1α) is an attractive therapeutic target because it is a key regulator of the hypoxic environment and is related to drug resistance and cancer metastasis [76] . Therefore, suppression of HIF-1α expression leads to an increase in therapeutic efficacy against hypoxic cancer cells. Several nanomaterials that bind to or contain HIF-1α siRNA or antisense oligonucleotides have been developed and have exhibited a high therapeutic efficacy for hypoxic cancer cells and increased inhibitory efficacy against cancer metastasis [77] [78] [79] [80] .
For hypoxic cancer cell-targeted therapy, several nanomaterials (mainly viral nanomaterials) incorporating hypoxia-responsive promoters that are specifically expressed in hypoxic cancers, have a high specificity and gene expression for hypoxic cancer cells [81, 82] . Furthermore, nanomaterials containing hypoxia-responsive agents (2-nitroimidazole), which can be highly sensitive to hypoxia, are suitable for hypoxic tumor cell-targeted therapy [83, 84] .
Another strategy for hypoxic cancer cell-targeted therapy is the use of anaerobic bacteria (e.g., Salmonella and Clostridium spp.). Anaerobic bacteria themselves have the capacity to inhibit the growth of cancer cells and also can increase therapeutic efficacy in combination with anticancer molecules or radiation therapy [13, [85] [86] [87] [88] . Salmonella and Clostridium are pathogenic bacteria and therefore cause clinical safety problems such as inflammation and immune responses. To overcome these problems, non-pathogenic anaerobic bacteria (e.g. Bifidobacterium sp.) [89] and nonpathogenic or attenuated bacteria [90, 91] are being developed as bacterial vectors to target hypoxic cancers.
CLINICAL APPLICATIONS OF NANOMATERIALS IN CANCER TREATMENT
Nanomaterial-anticancer drug complexes are most commonly used in cancer clinical trials. For example, liposomes loaded with anticancer drugs, such as doxorubicin and daunorubicin, have been approved by the U.S. Food and Drug Administration for the treatment of several cancers, such as ovarian and metastatic breast and human immunodeficiency virus-related Kaposi sarcoma (see [93] [94] [95] for review). In cancer clinical trials, the use of PEG-conjugated liposomes (rather than PEG-free liposomes) may be a more efficient way to increase therapeutic effects of anticancer drugs, because of their prolonged blood circulation time and enhanced drug accumulation in cancer cells [94, 95] .
In addition to liposome-drug complexes, several nanomaterial-drug complexes are currently undergoing clinical trials in cancer, such as the polymer-drug conjugate of paclitaxel and poly(L-glutamic acid) (also known as paclitaxel poliglumex, Xyotax, and CT-2103) for the treatment of non-small cell lung cancer [96, 97] , cyclodextrin-PEG micelle with camptothecin (also known as CRLX-101) for advanced (metastatic and / or unresectable) solid malignancies [98] and PEG-irinotecan conjugate (also known as etirinotecan pegol and NKTR-102) for advanced breast cancer [99] . Targeting delivery of these nanomaterial-drug complexes to cancer cells is based on the EPR effect.
On the other hand, there are very few reports on cancer clinical trials using nanomaterial-gene complexes. Recently, results of a phase I clinical trial using a complex of the human tumor suppressor gene p53 with a liposomal nanomaterial (SGT-53) employing an anti-transferrin receptor single-chain antibody fragment (scFv) as the targeting molecule were reported. The trial supplied evidence of targeted cancer delivery of systemically dosed SGT-53 to metastatic lesions. Furthermore, SGT-53 was well-tolerated and exhibited anticancer activity [100] . Similarly, in a phase I clinical trial using a small interfering RNA targeting the M2 subunit of ribonucleotide reductase (RRM2) complexed with nanomaterials containing a cyclodextrin-containing polymer, a PEG, and human transferrin, the complex efficiently reduced the specific RRM2 messenger RNA and the RRM2 protein levels in cancer tissues [101] . Targeting of nanomaterial-gene complexes containing scFv [100] or transferrin [101] to cancers is based on the active cancer targeting method, and takes advantage of the overexpression of transferrin receptor in cancer cells.
SUMMARY AND CONCLUSIONS
For cancer cell-targeted delivery of therapeutic molecules, several delivery systems, including viral or non-viral nanomaterials, and anaerobic bacterial carriers, have been developed and utilized for in vivo or ex vivo / in vitro applications. Cancer targeting by nanomaterials is accomplished by both passive and active cancer targeting. Passive targeting methods based on the EPR effect exhibit low therapeutic efficacy in poorly vascularized regions and in spreading and metastatic cancers. Active cancer targeting is based on the recognition or response to overexpressed receptors, overexpressed intracellular signals, and hypoxic regions in cancer cells and tissues. However, a lack of cancer targeting materials (ligands and peptide substrates responding to activated receptors and intracellular signals, respectively) and different activity levels of receptors and intracellular signals between patients may be a serious obstacle to be overcome for the use of nanomaterials based on the active cancer targeting method. Anti-DR5 Ab Death receptor 5 (DR5; also known as TRAIL-receptor 2) HCT116 human colon cancer cells [104] A375 human melanoma cells [105] Anti-HER2 Ab (Herceptin) Human epidermal growth factor receptor 2 (HER2) SKOV-3 human ovarian cancer cells [102] SK-BR-3 human breast cancer cells [106] Anti-Met Ab Hepatocyte growth factor receptor (HGFR; also known as c- Others (small molecules)
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